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1 Topiramate (TPM) is an anticonvulsant whose impact on firing activity and intracellular pH (pHi)
regulation of CA3 neurons was investigated.

2 Using the 4-aminopyridine-treated hippocampal slice model bathed in bicarbonate-buffered
solution, TPM (25–50 mM) reduced the frequency of epileptiform bursts and action potentials without
affecting membrane potential or input resistance. Inhibitory effects of TPM were reversed by
trimethylamine-induced alkalinization.

3 TPM also lowered the steady-state pHi of BCECF-AM-loaded neuronal somata by 0.1870.07 pH
units in CO2/HCO3

�-buffered solution. Subsequent to an ammonium prepulse, TPM reduced the
acidotic peak but clearly slowed pHi recovery. These complex changes were mimicked by the protein
phosphatase inhibitor okadaic acid.

4 Alkalosis upon withdrawal of extracellular Cl� was augmented by TPM. Furthermore, at
decreased pHi due to the absence of extracellular Naþ , TPM reversibly increased pHi. These findings
demonstrate that TPM modulates Naþ -independent Cl�/HCO3

� exchange.

5 In the nominal absence of extracellular CO2/HCO3
� buffer, both steady-state pHi and firing of

epileptiform bursts remained unchanged upon adding TPM. However, pHi recovery subsequent to an
ammonium prepulse was slightly increased, as was the case in the presence of the carbonic anhydrase
(CA) inhibitor acetazolamide. Thus, a slight reduction of intracellular buffer capacity by TPM may be
due to an inhibitory effect on intracellular CA.

6 Together, these findings show that TPM lowers neuronal pHi most likely due to a combined effect
on Naþ -independent Cl�/HCO3

� exchange and CA. The apparent decrease of steady-state pHi may
contribute to the anticonvulsive property of TPM.
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Introduction

The novel anticonvulsant topiramate (TPM) is effectively used

for the treatment of focal and generalized epilepsies. The broad

anticonvulsant property of TPM relies on multiple inhibitory

mechanisms, which include voltage-activated sodium channels

(Zona et al., 1997; De Lorenzo et al., 2000), L-type high

voltage-activated calcium channels (Zhang et al., 2000), and

kainate-evoked currents (Gibbs et al., 2000). The latter

mechanism was suggested to be due to the property of TPM

to bind to phosphorylation sites of AMPA and kainate

receptors (Angehagen et al., 2004). Furthermore, a rapid

enhancement of GABAA-evoked hyperpolarizations was

described (White et al., 1997; 2000).

Aside from affecting membrane currents TPM also inhibits

the isoenzymes I–VI of carbonic anhydrase (CA) at therapeu-

tically relevant concentration (Dodgson et al., 2000). In this

respect, TPM-induced changes of GABAergic depolarizations

were supposed to be based on a decreased intracellular

bicarbonate concentration, which may be caused by an

inhibition of neuronal CA (Herrero et al., 2002). Other CA

inhibitors such as sulthiame and acetazolamide (AZM) have

previously been shown to lower neuronal intracellular pH

(pHi), which effectively reduced epileptiform activity in

epilepsy model systems in vitro (Leniger et al., 2002). Similar

to AZM, it has been shown that TPM has a CA-inhibitory

efficacy (Dodgson et al., 2000), which appears to be subtype

specific (Casini et al., 2003). Other studies suggest that the

anticonvulsive effect of TPM is based on additional mechan-

isms which clearly differ from CA inhibition (Shank et al.,

1994; Stringer, 2000; Russo & Constanti, 2004). Therefore, it

remains unclear to what extent the anticonvulsive property of

TPM could rely on its capability to change neuronal HCO3
�

concentration and/or pHi.

We addressed that point by a combined electrophysiological

and pHi imaging study. Inhibitory effects of TPM on

epileptiform activity were subjected to alkalotic treatment to

make sure that pHi effects indeed play a role in the

anticonvulsive property of TPM. In the second part of the
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study, we tested the effects of TPM on the steady-state pHi

of individual neuronal somata and looked for effects of TPM

on pHi-regulating systems. To that aim, we challenged

neuronal pHi regulation using the ammonium prepulse

technique, thus investigating Naþ /Hþ exchange, Naþ -depen-

dent and Naþ -independent Cl�/HCO3
� exchange. To circum-

vent inter-individual differences between pHi transients of

neuronal somata in the presence and absence of TPM, we

performed pHi measurements in larger regions of the stratum

pyramidale of the CA3 region. Furthermore, we compared

the effects of TPM to those of AZM and the phosphatase

inhibitor okadaic acid (OA), which has recently been demon-

strated to alter neuronal acid extrusion (de la Rosa et al.,

2002). Parts of this study have been presented as an abstract

(Thöne et al., 2003).

Methods

Tissue preparation

Transverse hippocampal slices (200–400 mM thick) were pre-

pared from brains of ether or Isoflurane anaesthetized adult

guinea-pigs (300–400 g). Slices were pre-incubated in a CO2/

HCO3
�-buffered solution containing (in mM): NaCl (124), KCl

(3), CaCl2 (0.75), MgSO4 (1.3), KH2PO4 (1.25), NaHCO3 (26),

and glucose (10) at 281C; pH was adjusted to 7.35–7.40 by

gassing with 5% CO2, 95% O2. After 1–2 h, slices were

transferred from the pre-incubation bath to the recording

chamber (volume 4ml) mounted on an inverted microscope

(Zeiss ID 03), which was used for electrophysiological

recordings. pHi measurements (see below) were carried out

at an upright microscope. The recording chamber was

continuously perfused (perfusion rate of 4.5mlmin�1) with

the CO2/HCO3
�-buffered solution in which, however, CaCl2

was elevated to 1.75mM. Temperature was kept at 32711C in

all experiments.

Solutions and chemicals

For pHi measurements, a CO2/HCO3
�-free solution was

used in which NaHCO3 was replaced by equimolar amounts

of Naþ -Hepes, pH 7.4. This solution was gassed with O2.

To obtain a Cl� -free, CO2/HCO3
�-buffered solution, NaCl,

KCl, and CaCl2 were isosmotically replaced by the respec-

tive gluconate salts and gassed with 5% CO2 and 95%

O2 (Brett et al., 2002). A Naþ -free, CO2/HCO3
�-buffered

solution was prepared with choline-chloride (124mM) and

choline-HCO3 (26mM) instead of NaCl and NaHCO3,

respectively.

The epileptiform activity of CA3 neurons was induced by 4-

aminopyridine (4-AP, 50mM), which was added to the super-
fusate to reach a stable state of hyperexcitation characterized

by epileptiform bursts and spontaneous GABAergic hyperpo-

larizations (Rutecki et al., 1987; Leniger et al., 2000).

Topiramate was provided by the R.W. Johnson Pharmaceu-

tical Research Institute (Spring House, Pennsylvania, U.S.A.)

and dissolved in all solutions immediately before the experi-

ment. Okadaic acid (OA) was purchased from Merck-

Biosciences (Darmstadt, Germany). Acetazolamide (AZM)

and all other chemicals were from Sigma.

Intracellular recording and measurement of neuronal
activity

Intracellular recordings were obtained from the somata of

CA3-neurons with sharp glass microelectrodes filled with 2M

potassium methylsulphate (150–180MO) as described (Bing-

mann & Speckmann, 1986). Electrodes were connected to an

amplifier (BA-1S, npi-advanced electronics, Tamm, Germany)

using the bridge mode. The input resistance of neurons was

calculated from the voltage deflection upon hyperpolarizing

current pulses (0.1 nA, 200ms). The analog bioelectric signals

were converted and recorded digitally using a DABAS system

operated with 12 kHz sampling rate and 10 bit resolution

(Widman & Bingmann, 1996). The frequency of action

potentials and epileptiform bursts was determined off-line.

Therefore, a trigger level was used which was about 40mV

more positive than the resting membrane potential. By this,

single action potentials and those riding on epileptiform bursts

were counted. The frequency of epileptiform bursts was

determined in 1-min intervals from the original tracings. To

quantify the effects of TPM, the frequency of action potentials

and epileptiform bursts was normalized to the mean value

obtained during a 10-min period immediately prior to drug

application.

Measurement of pHi

To analyse pHi changes, hippocampal slices were loaded with

0.5–1.0 mM 20,7-bis(2-carboxyethyl)-5(6)-carboxyfluorescein-
acetoxymethyl ester (BCECF-AM, Molecular Probes, Leiden,

Netherlands) for 3min in the pre-incubation saline. Slices were

transferred to the optical recording chamber (volume 3ml),

which was mounted on the stage of an upright microscope

(Olympus Bx50Wi). Measurements of individual CA3 somata

(identified by their apical dendrites) were carried out with a

� 60 water-immersion objective (Olympus), which dipped into
the fluid of the recording chamber. For optical recordings

from larger regions of the stratum pyramidale of the CA3

region, a � 20 objective was used (Olympus). Slices were

illuminated with alternating light (440 and 490 nm) provided

by a 100W halogen lamp and a computer-operated filter wheel

(Sutter Instruments), which was connected to the microscope

with an optical fibre. Light from both wavelengths was

dimmed by appropriate neutral density filters to obtain a

BCECF excitation ratio 440/490 of about 1.0 at pH 7.0.

Fluorescence image pairs were captured every 20 s by an

intensified CCD camera (PTI, Surbiton, Surrey, England). For

background capturing slices not loaded with BCECF-AM

were mounted and processed the same way using the same

camera and illumination settings. Background correction and

image processing was performed with a CARAT system (Dr

O. Ahrens, Bargteheide, Germany). At the end of the

experiment the ratio 440/490 was calibrated by a standard

curve, which was obtained by the in vitro calibration method

(Boyarsky et al., 1996) adapted to water immersion optics

(Bonnet et al., 1998; Bonnet & Wiemann, 1999). All drugs used

in this study did not contribute to the fluorescence signal, nor

did they influence the pH of the superfusate. Spontaneous pHi

deflections (observed to be in the range of 70.05 pH units)

and noise were eliminated from the curves by calculating

sliding averages of three consecutive values. Changes of the

pHi (averaged from a 10-min lasting period before drug
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application) were regarded to be drug mediated if they

exceeded 0.05 pHi units, occurred upon drug application,

and were at least partly reversible after washout.

Experimental procedures

Electrophysiology After obtaining a stable intracellular

recording, 4-AP (50 mM) was applied to increase neuronal

excitability for the rest of the recording. TPM was added about

20min later for 20–45min usually in one concentration step

unless otherwise stated. Trimethylamine (TMA) was washed in

as an alkalizing agent after at least 20min of constantly

diminished activity due to TPM. Input resistance was

measured in periods lasting several minutes shortly before

TPM application and after 10–20min of treatment (see, e.g.

Figure 1c).

pHi measurements After transfer to the optical recording

chamber, slices were superfused with CO2/HCO3
�-buffered

solution for at least 20min to remove free dye. Loss of dye

from the tissue and photo-bleaching of single neuronal somata

(estimated by the intensity of 440 nm images) was

o0.5%min�1, indicating that structures under investigation

were in good condition. Excitation light was reduced to a
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Figure 1 Effect of topiramate (TPM, 50 mM) on membrane potential of 4-AP-treated neurons. (a) Frequency of action potentials
and epileptiform bursts was decreased by TPM without apparent alteration of membrane potential (a) and input resistance, as is
shown for another neuron in the respective upper tracings (current pulses: -0.1 nA, 200ms). Parts b1 and b2 show numerical
evaluations of the effect of TPM on the frequency of action potentials and epileptiform bursts. (c) TPM treatment was carried out in
the nominal absence of extracellular CO2/HCO3

� (2 h pre-treatment with Hepes-buffered solution). Under these conditions,
application of TPM for 30min (indicated by bar) had no inhibitory effect on bioelectric activity. Membrane potential, input
resistance (current pulses: -0.1 nA, 200ms, applied during three periods), and shape of epileptiform bursts remained unchanged.
Time points of expanded potential tracings are related to the upper recording by lines.
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minimum to enable optical recordings of up to 4 h. The optical

plane was controlled throughout the experiment and focus

corrections were made when shifts in the z-axis of more than

3 mM had occurred. Care was taken to apply exactly the same

dose of NH4Cl (variation less than 1%) to make pHi

regulation curves comparable.

To quantify pHi changes following brief NH4Cl application,

we defined an acidotic shift rate (DpHi/Dt), a pHi recovery rate
(DpHi/Dt), and an acidotic peak (DpHi). Acidotic shift rate
and pHi recovery rate rates were linearly extrapolated on the

basis of a least-square regression fit to pHi data points

sampled every 20 s. To calculate the acidotic shift rate, data

points were taken from a time interval which commenced with

the most alkalotic value during wash-in of ammonium chloride

and ended with the acidotic peak value. Intervals were

therefore variable in duration and comprised 8–12 data points.

The pHi recovery rate was determined subsequent to

intracellular acidification and reflected a relative measure for

the net activity of acid extrusion (Raley-Susman et al., 1991;

Schwiening & Boron, 1994). Data points for the pHi recovery

rate were taken from a 10-min interval starting at the acidotic

peak. Although complete pHi recovery could be described by

an exponential function, we found it more helpful to describe

the initial steep pHi increase by a linear function. Height of the

acidotic peak was defined as maximal DpHi (DpHi max.),
which was measured as the difference between baseline pHi

(averaged from three values immediately before wash-in of

ammonium) and the acidotic peak (averaged from three

consecutive values including the maximum value).

Repetitive ammonium prepulses were applied with an

interval of at least 35min, to ensure that baseline pHi was

reached again. In the absence of any treatment, we found that

up to five repetitive ammonium prepulses yielded largely

identical pHi deflections, that is, variation of acidotic shift

rate, pHi recovery rate, and acidotic peak were less than 3%.

In experiments withdrawing Cl� from the extracellular

solution, the alkalotic shift rate was calculated from a 5-min

period beginning with the onset of alkalosis. The pHi recovery

rate in these experiments was calculated from a 5-min period

beginning at the end of the plateau value. The height of

alkalotic plateau was defined as maximal DpHi (DpHi max.),
which was measured as the difference between baseline pHi

(averaged from three values immediately before withdrawal of

Cl�) and the alkalotic peak (averaged from three consecutive

values including the maximum value).

Data analysis

All data are given as means7standard deviation of at least

three independent experiments on different slices. The t-test for

paired samples was used to compare differences in acidotic and

alkalotic shift rates, pHi recovery rates, and DpHi max. values.
Significance was considered for a P-value p0.05.

Results

Effects on neuronal activity

To analyse effects of TPM on neuronal activity, intracellular

recordings were obtained from 23 different neurons (23 slices

from 18 animals), which were superfused by CO2/HCO3
�-

buffered solution (n¼ 20). In a limited number of experiments
(n¼ 3), we switched to Hepes-buffered solution at least 60min
before application of TPM. Depth of the neurons within the

tissue ranged from 9 to 150mM. A stable pattern of augmented

bioelectric activity consists of an increased action potential

firing rate and regular epileptiform bursts, which developed

within 10–20min upon application of 4-AP (50 mM). Resting
membrane potential was at least �50mV, input resistance
ranged from 50 to 110MO, and amplitudes of action potentials
exceeded 50mV. Switching to Hepes buffer in the presence of

4-AP largely abolished the firing of action potentials and

bursts (see Bonnet et al., 1998). However, rarely occurring

epileptiform bursts remained in three neurons, enabling us to

look at effects of TPM also under these conditions.

We found that TPM (25 and 50mM) reduced the frequency
of epileptiform bursts and action potentials in 16 of 20 neurons

in CO2/HCO3
�-buffered solution. As demonstrated in

Figure 1a, we were unable to detect any hyperpolarization or

change in input resistance measured under current clamp

conditions. These neurons which reduced their bioelectric

activity (BA) upon TPM will be termed BA-responding

neurons. Four neurons, however, were not affected by TPM

treatment even after a prolonged wash-in (445min) and/or

when the concentration of TPM was raised to 500 mM, in order
to facilitate better tissue penetration. In BA-responding

neurons, the suppressive effect on action potentials (Figure

1b1) and epileptiform bursts (Figure 1b2) typically developed

within 10–15min. Since the change of bioelectric activity

induced by TPM appeared identical regardless of whether a

low (25mM) or high concentration (50 mM) was used, data from
both groups were pooled for quantification: The frequencies of

action potentials and epileptiform bursts, when normalized to

a value taken immediately before drug application (mean of a

10-min period), were equally reduced by 46.1713.4 and

48.9715.3%, respectively (n¼ 13). All effects of TPM were

at least partly reversible upon washout within 5–15min. No

differences were found concerning amplitude or shape of either

action potentials or epileptiform bursts, as long as these were

selected on the basis of identical resting membrane potential

(Figure 1a and 2b).

Inhibitory effects of TPM were not found in the absence of

CO2/HCO3
� buffer, that is, when Hepes-buffered solution was

used. The sparsely occurring epileptiform bursts remained

unchanged in frequency and shape including after-hyperpolar-

ization (Figure 1c). Also, under these conditions, there were no

alterations of membrane potential and input resistance.

Since the attenuation of 4-AP-induced burst firing in CO2/

HCO3
�-buffered solution resembled the effect of a mild

neuronal acidification, for example, due to inhibitors of

carbonic anhydrase (Bonnet et al., 2000a, b; Leniger et al.,

2002), we speculated that one of the anticonvulsive properties

of TPM might involve changes in free intracellular proton

concentration. To test this hypothesis, we counteracted the

putative acidification with a low concentration of trimethyl-

amine (TMA, 5mM). As is shown in Figure 2c this treatment

reversibly increased tissue pH of the stratum pyramidale by

0.170.03 pH units within 3–5min (n¼ 3). TMA reversed the

suppressive effect of TPM (50 mM) and re-established the firing
pattern observed before TPM treatment (Figure 2a, n¼ 3),
without altering shapes of action potentials and epileptiform

bursts (Figure 2b). The same finding was made even in the
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presence of excessive TPM concentration (500 mM, data not
shown), making it unlikely that TMA only competes for TPM-

binding sites.

Together, results presented so far suggest that a decrease of

pHi could contribute to the anticonvulsive activity of TPM in

a bicarbonate-dependent fashion.

Effects of TPM on intracellular pH

Steady-state pHi of individual neuronal somata In the

next part of the study we, therefore, investigated the effect

of TPM on steady-state pHi of BCECF-AM-loaded CA3-

somata (n¼ 14, from 10 slices, eight animals) in CO2/HCO3
�-

buffered solution. The mean steady-state pHi amounted to

7.0370.18. Upon application of TPM (50 mM) there was a
clear intracellular acidification, which developed within 5–

10min in 10 out of 14 neurons, which will be termed pHi-

responding neurons. The mean acidification of pHi-respond-

ing neurons amounted to 0.1870.07 pH units (Po0.001). This

mean value was reduced to 0.1370.09 pH units (Po0.001),

when non-responding neurons were included. Washout of

TPM increased pHi to the steady-state pHi, and this was

mostly completed within 20–25min (Figure 3). In line with the

effects presented in the electrophysiological part of this

investigation, we found that the acidifying effect could be

equally elicited with 25 mM TPM (n¼ 4, Figure 3).
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pHi regulation

To unravel the underlying mechanism of this TPM-mediated

neuronal acidification, we focused on neuronal pHi regulation

using the ammonium prepulse method to challenge

neuronal acid extrusion in CO2/HCO3
�-free and CO2/HCO3

�-

buffered solution. pHi-transients measured in individual

neuronal somata yielded only weak TPM-induced differences

(data not shown), which were hard to interpret due to

superimposed pHi deflections resulting from noise and/or

bioelectric activity. Therefore, we decided to use a low-

magnification objective (� 20) and to define larger regions

of interest covering areas of ca. 200� 40mm2 within the

stratum pyramidale to collect a BCECF-fluorescence signal

from the whole pyramidal cell layer. This type of pHi

measurement turned out to be more stable and allowed to

reveal small differences between pHi curves obtained after

repeated ammonium prepulses. For these experiments, 40

slices from 15 animals were used.

Experiments in CO2/HCO3
�-free, Hepes-buffered solution

Slices were equilibrated with Hepes-buffered solution at least

20min before the first ammonium prepulse (20mM, 3min) was

applied. In control conditions, an ammonium prepulse

typically resulted in an alkalinization phase, followed by an

acidification upon NH4Cl washout, and a final phase of pHi

recovery due to proton extrusion. To examine the effects of

TPM (50 mM), the drug was applied 20min before the second
ammonium prepulse. TPM did not change steady-state pHi in

CO2/HCO3
�-free solution and had only minor, although

significant, effects on ammonium prepulse-induced pHi

regulation, which are shown in Figure 4a (n¼ 5). While the
alkalinization was unchanged, there was an accelerated

acidotic shift (Figure 4a,b) and a more pronounced acidotic

peak (Figure 4a,c). Recovery of the pHi was slightly steeper in

its initial phase, as is outlined in Figure 4a,b. These findings

provided no evidence for a TPM-mediated inhibition of

sodium–proton exchange. However, the increase in peak

acidification and pHi recovery rate could be due to a lowered

intracellular buffer capacity resulting from a reduced amount

of intracellular bicarbonate concentration. Since TPM is also a

CA inhibitor (Dodgson et al., 2000; Masereel et al., 2002;

Casini et al., 2003), we repeated the experiments with the CA

inhibitor AZM (0.5mM) instead of TPM and obtained similar

results. Peak acidification was slightly enlarged and the pH

recovery rate was equally augmented by 38.1% (vs 38.5% by

TPM, n¼ 5, see inset Figure 4a). These findings suggest that
TPM, similar to AZM, slightly lowered the total intracellular

buffer capacity in the nominal absence of extracellular

bicarbonate.

Experiments in CO2/HCO3
�-buffered solution

pHi regulation in the presence of extracellular CO2/HCO3
� was

significantly affected by TPM (50 mM, pre-treatment 20min,
Figure 5a1). In contrast to Hepes-buffered solution, the initial

alkalotic shift during wash-in of ammonium was augmented

by TPM. Although the acidotic shift rate was increased

(Figure 5a2), the acidotic peak was diminished (Figure 5a3)

and the pHi recovery rate was decreased by TPM vs control
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(n¼ 5, Figure 5a2). We repeated the ammonium prepulse

experiment with AZM in CO2/HCO3
�-buffered solution.

However, for this drug, the effects on pHi regulation in

CO2/HCO3
�-buffered solution were comparable to those

in Hepes-buffered solution, comprising both an increased

acidotic peak and pHi recovery rate (n¼ 5, see inset in Figure

5a1). The observed differences between the effects of TPM

and AZM in CO2/HCO3
�-buffered solution point to a

complex impairment of transmembrane HCO3
� flux due to

TPM treatment.

Cl�/HCO3
� exchangers of CA1 neurons are influenced by

protein kinase A-dependent phosphorylation (Brett et al.,
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Figure 5 Effect of topiramate (TPM, 50 mM) and okadaic acid (OA, 0.5 mM) on pHi regulation challenged by ammonium prepulse
(NH4Cl 20mM, 3min) in hippocampal stratum pyramidale bathed in CO2/HCO3

�-buffered solution. (a1) TPM augmented the slope
of both the alkalotic and the acidotic shift. The acidotic peak was reduced and the following pHi recovery was slowed by TPM.
Curves from control and TPM (pre-treatment 20min) were superimposed for clarity reasons. Time interval between the first and
second prepulse was 40min. Starting pHi was 7.15 (control) and 7.09 (TPM), respectively. The carbonic anhydrase inhibitor
acetazolamide (AZM, 0.5mM) augmented the acidotic peak and accelerated the following pHi recovery (see inset, curves
superimposed from consecutive applications of NH4Cl, starting pHi was 7.13 (control) and 7.05 (AZM), respectively). (b1)
Comparable to the effect of TPM, OA reduced the acidotic peak of the acidotic shift and slowed the following pHi recovery. Curves
from control and OA (pre-treatment 20min) were superimposed. Time interval between the first and second prepulse was 40min.
Starting pHi was 7.09 (control) and 6.96 (OA), respectively. (a2,b2) Mean rates of acidotic shift, pHi recovery, and (a3,b3) DpHi
max. of the type of experiment illustrated in (a1) (n¼ 5) and (b1) (n¼ 5), respectively. Asterisks in (a2,3) and (b2,3) indicate
significant differences vs control (Po0.05).
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2002). Further on, effects on Naþ -independent Cl�/HCO3
�

exchange by the phosphatase inhibitor okadaic acid (OA) have

been described (de la Rosa et al., 2002). We, therefore,

compared the effects of TPM and OA on pHi regulation

induced by ammonium prepulse. Treatment of hippocampal

slices with OA (0.5 mM) lowered the steady-state pHi by

0.0770.02 pH units (n¼ 5) within 3–5min. After 20min pre-
incubation, it also significantly changed the pHi deflections

upon ammonium prepulse very similar to TPM (Figure 5b1):

(1) It augmented the alkalotic shift (Figure 5b1), (2) it

decreased the acid peak (Figure 5b3), and (3) it slightly slowed

down the pHi recovery rate vs control (Figure 5b2). Compar-

able to TPM, the latter effect became most obvious at a pHi

value larger than 7.0 (n¼ 5, Figure 5b1). Unlike TPM,

however, there was no significant change in acidotic shift rate

(Figure 5b2).

Removal of Cl� and Naþ from the CO2/HCO3
�-buffered

solution

Naþ -dependent and Naþ -independent Cl�/HCO3
� exchange

take part in the adjustment of steady-state pHi and pHi

regulation of hippocampal neurons. While Naþ -independent

Cl�/HCO3
� antiport is usually activated at more alkalotic

conditions (Kurtz & Golchini, 1987; Brett et al., 2002), Naþ -

dependent Cl�/HCO3
� exchange acts as an acid extruder driven

by the sodium gradient (Baxter & Church, 1996). Both

transporters are influenced by the initial steady-state pHi of

the cell, such that non-selective inhibition of Cl�/HCO3
�

exchange could decrease or increase pHi depending on initial

pHi (Brett et al., 2002).

To demonstrate the effects of TPM on both types of Cl�/

HCO3
� exchange, we removed Cl� from the CO2/HCO3

�-

buffered superfusate. This led to an intracellular alkaliniza-

tion, indicative of a reversed Cl�/HCO3
� exchange and an

increase in intracellular HCO3
� concentration (Raley-Susman

et al., 1993; de la Rosa et al., 2002). TPM (50 mM) significantly
changed this transport (Figure 6a): The alkalotic shift rate was

accelerated (Figure 6b), the maximal value of the alkalosis was

doubled from 0.14 to 0.28 pH units (Figure 6c), and the pHi

recovery rate upon Cl� re-addition was increased (Figure 6b).

These findings pointed to an augmentation of Cl�/HCO3
�

exchange by TPM (n¼ 5).
To test the effect of TPM on Naþ -independent Cl�/HCO3

�

exchange in relative isolation, we superfused hippocampal

slices with Naþ -free, CO2/HCO3
�-buffered solution. This

resulted in a new steady-state pHi, which was reduced by

0.570.14 pH units (n¼ 5). Under these conditions, application
of TPM reversibly increased pHi by 0.170.06 pH units (n¼ 5,
P¼ 0.029, Figure 7), suggesting an influx of HCO3

� in Naþ -

free solution.

Discussion

This study showed that TPM at therapeutically relevant

concentrations of 25–50 mM (Shank et al., 2000) lowers the

steady-state pHi of hippocampal neurons. The underlying

mechanism is based on a combined effect of TPM on carbonic

anhydrase and, as demonstrated for the first time, on Naþ -

independent Cl�/HCO3
� exchange. In line with this, the

suppressive effect on epileptiform activity in the 4-AP epileptic

model system could be reversed by an intracellular alkaliniza-

tion with TMA. Based on our former pHi studies on epileptic

model systems (Bonnet et al., 1998; 2000b), the anticonvulsive
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Figure 6 Effect of topiramate (TPM, 50 mM) on Cl�/HCO3
�

exchange challenged by Cl� removal for 10min in hippocampal
stratum pyramidale bathed in CO2/HCO3

�-buffered solution. The
pHi increase likely reflects the influx of HCO3

�. (a) After pre-
treatment with TPM for 10 min alkalotic shift rate, alkalotic
plateau, and pHi recovery rate were augmented. Curves from
control and TPM were superimposed. Time interval between the
first and second withdrawal of Cl� was 30min. Starting pHi was
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effect of TPM is at least in part attributable to the pHi

regulatory effects of TPM.

Effects of TPM on neuronal activity

With respect to the firing pattern established upon TPM-

treatment (Figures 1 and 2), we found that concentrations

ranging from 25 to 50mM were effective and that even excessive

concentrations (500mM) added no further effects. This suggests
that target structures of TPM responsible for the suppressive

effect in the 4-AP epileptic model system were widely saturated

at concentrations p50 mM, which is in the range of concentra-
tions effective for the inhibition of various ion channels

permeable to Naþ , Ca2þ , or Cl� (White et al., 1997; Zona

et al., 1997; De Lorenzo et al., 2000; McLean et al., 2000;

Zhang et al., 2000). However, despite these multiple effects on

ion channels, the shapes of action potentials and epileptiform

bursts were not changed in the 4-AP epileptic model system

used here. In a study on synaptic transmission (Qian &

Noebels, 2003), TPM was similarly found to leave excitatory

field potentials unchanged. Nevertheless, the frequency of

action potentials and bursts was reduced (Figures 1 and 2), as

it was found to occur also in cultured neurons (McLean et al.,

2000). Similar to our results, this effect took several minutes to

develop in the latter study. More importantly, a minor fraction

of neurons did not respond. This points to basic properties,

which may predefine neurons as TPM responders.

In contrast to the study of Herrero et al. (2002), who

found a clear hyperpolarization of CA1 neurons and a

decrease in input resistance upon 20 and 100mM TPM, we

and others (Hanaya et al., 1998) obtained no such changes.

Although species- or cell-related differences may account for

these differences, we believe them to be based on electrode

solution. Importantly, the effect on membrane potential

seen by Herrero et al. (2002) was mostly absent when

electrodes were filled with potassium methylsulphate (as in

our study), but were pronounced using potassium acetate.

Considering that acetic acid leaves the cell faster than acetate

anions, it is tempting to speculate that electrodes filled

with buffered potassium acetate may slightly alkalize the

cytoplasm. If this was true, the hyperpolarizing effect and

the decrease in input resistance by TPM could be based on a

pHi-mediated augmentation, for example, of potassium

conductance. In the light of our results, namely an effect of

TPM on pHi-regulating Cl�/HCO3
� exchange, the effect of

acetate-filled electrodes on neuronal pHi and TPM sensitivity

needs further examination. At least, it underlines the

importance of the intracellular milieu for the TPM effect

and, by this, makes it unlikely that the TPM effects are

restricted to ion channel binding. In line with this, an

inhibition of repetitive firing upon bath application of

glutamate by TPM (10–100mM) was clearly not attributable
to Naþ or Ca2þ channels (Hanaya et al., 1998).

First evidence for the view that pHi changes play a role for

the anticonvulsive effect of TPM came from our experiments

with TMA. This agent led to an intracellular alkalosis at

constant pH of the superfusate (Figure 2c), and did not change

action potentials or epileptiform bursts per se. TMA clearly

antagonized the TPM-induced depression of bioelectric

activity, thus making the firing frequency under the influence

of TPM plus TMA largely comparable to control (Figure 2a

and b). This speaks in favour of the view that it was indeed the

intracellular alkalinization which compensated for the putative

acidosis produced by TPM.

The 4-AP epileptic model system has been repeatedly used to

demonstrate the inhibitory effects of intracellular acidification

on epileptiform activity (Bonnet et al., 1998; 2000b; Leniger

et al., 2002). In a recent study, we found that also CA

inhibitors such as sulthiame and AZM lowered the pHi of

hippocampal neurons, decreased the frequency of 4-AP-

induced epileptiform activity, but left the shapes of epilepti-

form bursts largely unchanged (Leniger et al., 2002). These

alterations were also characteristic for TPM in our study and,

therefore, may be explained at least in part by the well-known

property of TPM to inhibit carbonic anhydrase (Stringer,

2000; Casini et al., 2003).

Recently, effects of TPM on AMPA/kainate receptor

channels were reported (Skradski & White, 2000; Qian &

Noebels, 2003) and it was shown that TPM interfered with

cAMP-dependent protein kinase pathways involved in channel

activation (Shank et al., 2000; Angehagen et al., 2004). While it

is unlikely that AMPA/kainate is itself inhibited by low pHi

(c.f. Traynelis & Cull-Candy, 1991), the effect of TPM on

cAMP-dependent protein kinases may be considered in this

context because pHi-regulatory systems are also regulated by

phosphorylation (see below).

Effects on intracellular pH

The change of neuronal steady-state pHi by TPM was the

most striking finding in this investigation. Many different

possibilities can in principal account for a neuronal acidifica-

tion. Firstly, there may be an increase in cellular acid

production (e.g. lactic acid) upon TPM. This appears unlikely

because there was no effect upon adding TPM in Hepes-

buffered solution. Secondly, neuronal acidification could
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Figure 7 Effect of topiramate (TPM 50 mM) on the steady-state pHi
in hippocampal stratum pyramidale bathed in Naþ -free solution.
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units. Under this condition, TPM reversibly increased pHi. Trace is
representative for five similar experiments.
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result from increased firing frequency (Trapp et al., 1996).

However, TPM clearly reduced the firing frequency and this

should result in an increase rather than a decrease of

pHi. Thirdly, TPM might influence neuronal acid extrusion.

In this case, one has to keep in mind that Hþ extrusion against

an electrochemical gradient is necessary to maintain steady-

state pHi. This transport becomes especially evident during

a pHi regulation of a cellular acid load. We, therefore, tested

pHi recovery by the ammonium prepulse method. Whereas

in the absence of CO2/HCO3
� there was no impairment of

pHi recovery, we found a reduction of this parameter in

CO2/HCO3
�-buffered conditions. This finding clearly showed

that an inhibition of the sodium–proton exchange is not

involved in TPM-mediated acidification. Further on, an

impairment of Naþ -dependent Cl�/HCO3
� exchange (Baxter

& Church, 1996) was unlikely because the effect of TPM on

the pHi recovery rate in CO2/HCO3
�-buffered solution was

nearly unchanged immediately after the acidotic peak. This

contrasts with the effects of classical inhibitors of Naþ -

dependent Cl�/HCO3
� exchange such as DIDS (Yao et al.,

1999). However, we cannot fully exclude a limited inhibitory

influence of TPM on Naþ -dependent Cl�/HCO3
� exchange, as

there was a significant effect of TPM on HCO3
�-mediated pHi

regulation after ammonium washout at a pHi level more

alkaline than 7.0. It is furthermore possible that TPM activates

a Naþ -independent Cl�/HCO3
� exchange, which acts as an

acid loader, since it mediates an efflux of HCO3
� in more

alkaline conditions. This would not only slow pHi recovery,

but would also decrease intracellular total buffer capacity

(Figure 5a1). Several observations are in line with this

suggestion. In CO2/HCO3
�-buffered solution, the alkalotic

shift and the acidification rate were increased by TPM, and

this may be explained by a reduced buffer capacity. When

Naþ -independent Cl�/HCO3
� exchange was forced to operate

in reversed mode by removal of extracellular Cl� (Raley-

Susman et al., 1993), we found that TPM reversibly augmented

this transport, leading to a pronounced alkalosis (Figure 6).

Further on, in the absence of extracellular Naþ – which

resulted in a decreased pHi – TPM imposed an alkalosis even

in the absence of any further driving force (Figure 7). This

increase of pHi is most likely due to an influx of HCO3
�, as in

acidotic conditions the Naþ -independent Cl�/HCO3
� exchan-

ger can reverse its polarity (Schwartz et al., 2002). This may

also explain the decreased acidotic peak after washout of

ammonium chloride (Figure 5a).

It is not yet clear how TPM exerts this effect on Naþ -

independent Cl�/HCO3
�. However, using the phosphatase

inhibitor OA, we obtained alterations of the pHi deflection

upon NH4
þ application, which were largely similar to those

evoked by TPM, namely a lowered acidotic peak and a

lowered pHi recovery rate at more alkaline pH (Figure 5b1).

These changes in pHi regulation cannot be attributed to an

inhibition of carbonic anhydrase, as this would increase both

values due to a lowered buffer capacity.

Aside from these similar pHi changes induced by TPM

and OA, there is further evidence speaking in favour of

the assumption that TPM effects are mediated at least in

part by altered phosphorylation: (i) TPM has been shown

to interfere with phosphorylation sites of ion channels

(Shank et al., 2000; Angehagen et al., 2004), (ii) OA has been

described to activate Naþ -independent Cl�/HCO3
� exchange

(de la Rosa et al., 2002), and (iii) Naþ -dependent and

Naþ -independent Cl�/HCO3
� exchange is modulated by

protein kinase A (PKA) in a pHi-dependent fashion (Brett

et al., 2002). The latter study is of particular importance

as it showed that in the presence of extracellular Naþ

and bicarbonate either activation or inhibition of PKA

alkalized neurons. Therefore, TPM cannot be regarded as a

PKA activator or inhibitor. However, in the absence of

extracellular Naþ , which presumably isolates the Naþ -

independent Cl�/HCO3
� exchanger, PKA activation/inhibition

clearly decreased/increased steady-state pHi in acidic neurons

(Brett et al., 2002). In our study, TPM increased pHi in Naþ -

free solution (at pHi lowered to 6.55, see Figure 7), suggesting

that the flux of HCO3
� via Naþ -independent Cl�/HCO3

�

exchange was stimulated by TPM under these conditions.

This appears equivalent to the effect of the PKA inhibitor Rp-

cAMPS on acidotic neurons under Naþ -free condition (Brett

et al., 2002). However, as Rp-cAMPS alkalizes neurons, we

suggest that TPM does not directly inhibit PKA, but may exert

inhibitory effects on the phosphorylation of Cl�/HCO3
�

exchanger, as has been shown for certain ion channels

(Angehagen et al., 2004).

Cells not responding to TPM

As has also been found by others (Skradski & White, 2000),

a minor fraction of neurons did not respond to TPM

during electrophysiological experiments. We propose that

the pHi of these non-responders was not changed by TPM,

as it was indeed observed with a similar frequency during

the pHi measurements. Indirect evidence underlining this

proposal comes from previous experiments showing that

all neurons were inhibited when pHi was decreased by

physicochemical means (Bonnet et al., 1998; 2000c; Bonnet

& Wiemann, 1999; Leniger et al., 2002). Furthermore,

neurons having a pHi of about pH 7.15–7.2 were largely

insensitive to a modulation of Naþ -dependent and Naþ -

independent Cl�/HCO3
� exchange (Brett et al., 2002). This

pHi value, although determined in cultured neurons from

newborn rat, may have some relevance for TPM effects

on human brain, where pHi values in the range of 7.0–7.1

have been measured by 31P-NMR (Garcia et al., 1994; Chu

et al., 1996).

In conclusion, we found that TPM reduced the steady-

state pHi of CA3 neurons in slices. This effect was most likely

due to lowered HCO3
� concentration inside cells and was

caused not only by a decreased carbonic anhydrase activity but

also by an augmentation of Naþ -independent Cl�/HCO3
�

exchange. The resulting decrease of pHi was sufficient to

explain the suppressive effects of TPM in the 4-AP epileptic

model system. In line with this hypothesis, TPM-induced

changes of epileptiform activity could be reversed by an

alkalosis.

This study was supported by a grant from the R.W. Johnson
Pharmaceutical Research Institute, Spring House, Pennsylvania,
U.S.A. to T.L.

840 T. Leniger et al Topiramate modulates neuronal pH

British Journal of Pharmacology vol 142 (5)



References

ANGEHAGEN, M., BEN-MENACHEM, E., SHANK, R., RONNBACK,
L. & HANSSON, E. (2004). Topiramate modulation of kainate-
induced calcium currents is inversely related to channel phosphor-
ylation level. J. Neurochem., 88, 320–325.

BAXTER, K.A. & CHURCH, J. (1996). Characterization of acid
extrusion mechanisms in cultured fetal rat hippocampal neurons.
J. Physiol., 493, 457–470.

BINGMANN, D. & SPECKMANN, E.J. (1986). Actions of pentylene-
tetrazol (PTZ) on CA3 neurons in hippocampal slices of guinea
pigs. Exp. Brain Res., 64, 94–104.

BONNET, U., WIEMANN, M. & BINGMANN, D. (1998). CO2/HCO3
�

withdrawal from the bath medium of hippocampal slices: biphasic
effect on intracellular pH and bioelectric activity of CA3-neurons.
Brain Res., 796, 161–170.

BONNET, U. & WIEMANN, M. (1999). Ammonium prepulse: effects on
intracellular pH and bioelectric activity of CA3-neurons in guinea-
pig hippocampal slices. Brain Res., 840, 16–22.

BONNET, U., LENIGER, T. & WIEMANN, M. (2000a). Moclobemide
reduces intracellular pH and neuronal activity of CA3 neurons in
guinea-pig hippocampal slices- implication for its neuroprotective
properties. Neuropharmacology, 39, 2067–2074.

BONNET, U., LENIGER, T. & WIEMANN, M. (2000b). Alteration of
intracellular pH and activity of CA3-pyramidal cells in guinea pig
hippocampal slices by inhibition of transmembrane acid extrusion.
Brain Res., 872, 116–124.

BONNET, U., BINGMANN, D. & WIEMANN, M. (2000c). Intra-
cellular pH modulates spontaneous and epileptiform bioelectric
activity of hippocampal neurons. Eur. Neuropsychopharmacol., 10,
97–103.

BOYARSKY, G., HANSEN, C. & CLYNE, L.A. (1996). Superiority of in
vitro over in vivo calibrations of BCECF in vascular smooth muscle
cells. FASEB J., 10, 1205–1212.

BRETT, C.L., KELLY, T., SCHELDON, C. & CHURCH, J. (2002).
Regulation of Cl�–HCO3

�-exchangers by cAMP-dependent protein
kinase in adult rat hippocampal CA1 neurons. J. Physiol., 545,

837–853.
CASINI, A., ANTEL, J., ABBATE, F., SCOZZAFAVA, A., DAVID, S.,

WALDECK, H., SCHAFER, S. & SUPURAN, C.T. (2003). Carbonic
anhydrase inhibitors: SAR and X-ray crystallographic study for the
interaction of sugar sulfamates/sulfamides with isozymes I, II and
IV. Biorg. Med. Chem. Lett., 13, 841–845.

CHU, W.J., HETHERINGTON, H.P., KUZNIECKY, R.J., VAUGHAN,
J.T., TWIEG, D.B., FAUGHT, R.E., GILLIAM, F.G., HUGG,
J.W. & ELGAVISH, G.A. (1996). Is the intracellular pH
different from normal in the epileptic focus of patients with
temporal lobe epilepsy? A 31P NMR study. Neurology, 47,

756–760.
DE LA ROSA, L.A., VILARINO, N., VIEYTES, M.R. & BOTANA, L.M.

(2002). Okadaic acid, a protein phosphatase inhibitor, stimulates
the activity of Na+/H+ and Na+-independent Cl�/HCO3

� exchan-
gers in human lymphocytes. Naunyn-Schmiedeberg’s Arch. Pharma-
col., 365, 74–81.

DE LORENZO, R.J., SOMBATI, S. & COULTER, D.A. (2000). Effects of
topiramate on sustained repetitive firing and spontaneous recurrent
seizure discharges in cultured hippocampal neurons. Epilepsia, 41,
S40–S44.

DODGSON, S.J., SHANK, R.P. & MARYANOFF, B.E. (2000). Topir-
amate as an inhibitor of carbonic anhydrase isoenzymes. Epilepsia,
41, S35–S39.

GARCIA, P.A., LAXER, K.D., VAN DER GROND, J., HUGG, J.W.,
MATSON, G.B. & WEINER, M.W. (1994). Phosphorus magnetic
spectroscopic imaging in patients with frontal lobe epilepsy. Ann.
Neurol., 35, 217–221.

GIBBS III, J.W., SOMBATI, S., DELORENZO, R.J. & COULTER, D.A.
(2000). Cellular actions of topiramate: blockade of kainate-evoked
inward currents in cultured hippocampal neurons. Epilepsia, 41,

S10–S16.
HANAYA, R., SASA, M., UJIHARA, H., ISHIHARA, K., SERIKAWA,

T., IIDA, K., AKIMITSU, T., ARITA, K. & KURISU, K. (1998).
Suppression by topiramate of epileptiform burst discharges in
hippocampal CA3 neurons of spontaneously epileptic rat in vitro.
Brain Res., 789, 274–282.

HERRERO, A.I., DEL OLMO, N., GONZALEZ-ESCALADA, J.R. &
SOLIS, J.M. (2002). Two new actions of topiramate: inhibition of
depolarizing GABA(A)-mediated responses and activation of a
potassium conductance. Neuropharmacology, 42, 210–220.

KURTZ, I. & GOLCHINI, K. (1987). Na+-independent Cl�–HCO3
�-

exchange in Madin-Darby canine kidney cells. Role in intracellular
pH regulation. J. Biol. Chem., 262, 4516–4520.

LENIGER, T., WIEMANN, M., BINGMANN, D., HUFNAGEL, A. &
BONNET, U. (2000). Different effects of GABAergic anti-
convulsants on 4-aminopyridine-induced spontaneous GABAergic
hyperpolarizations of hippocampal pyramidal cells – implica-
tion for their potency in migraine therapy. Cephalalgia, 20,

533–537.
LENIGER, T., WIEMANN, M., BINGMANN, D., WIDMAN, G.,

HUFNAGEL, A. & BONNET, U. (2002). Carbonic anhydrase
inhibitor sulthiame reduces intracellular pH and epileptiform
activity of hippocampal CA3 neurons. Epilepsia, 43, 469–474.

MASEREEL, B., ROLIN, S., ABBATE, F., SCOZZAFAVA, A. &
SUPURAN, C.T. (2002). Carbonic anhydrase inhibitors: anti-
convulsant sulfonamides incorporating valproyl and other lipo-
philic moieties. J. Med. Chem., 45, 312–320.

MCLEAN, M.J., BUKHARI, A.A. & WAMIL, A.W. (2000). Effects of
topiramate on sodium-dependent action-potential firing by mouse
spinal cord neurons in cell culture. Epilepsia, 41, S21–S24.

QIAN, J. & NOEBELS, J.L. (2003). Topiramate alters excitatory
synaptic transmission in mouse hippocampus. Epilepsy Res., 55,

225–233.
RALEY-SUSMAN, K.M., CRAGOE, E.J., SAPOLSKY, R.M. & KOPITO,

R. (1991). Regulation of intracellular pH in cultured hippocampal
neurons by an amiloride-insensitive Na+/H+ exchanger. J. Biol.
Chem., 266, 2739–2745.

RALEY-SUSMAN, K.M., SAPOLSKY, R.M. & KOPITO, R.R. (1993).
Cl�/HCO3

� exchange function differs in adult and fetal rat
hippocampal neurons. Brain Res., 614, 308–314.

RUSSO, E. & CONSTANTI, A. (2004). Topiramate hyperpolarizes and
modulates the slow poststimulus AHP of rat olfactory cortical
neurons in vitro. Br. J. Pharmacol., 141, 285–301.

RUTECKI, P.A., LEBEDA, F.J. & JOHNSTON, D. (1987). 4-amino-
pyridine produces epileptiform activity in hippocampus and
enhances synaptic excitation and inhibition. J. Neurophysiol., 57,

1911–1924.
SCHWARTZ, G.J., TSURUOKA, S., VIJAYAKUMAR, S., PETROVIC,

S., MIAN, A. & AL-AWQATI, Q. (2002). Acid incubation reverses
the polarity of intercalated cell transporters, an effect mediated by
hensin. J. Clin. Invest., 109, 89–99.

SCHWIENING, C.J. & BORON, W.F. (1994). Regulation of intracellular
pH in pyramidal neurons from the rat hippocampus by Na+-
dependent Cl�–HCO3

�exchange. J. Physiol., 475, 59–67.
SHANK, R.P., GARDOCKI, J.F., STREETER, A.J. & MARYANOFF,

B.E. (2000). An overview of the preclinical aspects of topiramate:
pharmacology, pharmacokinetics, and mechanism of action.
Epilepsia, 41, S3–S9.

SHANK, R.P., GARDOCKI, J.F., VAUGHT, J.L., DAVIS, C.B.,
SCHUBSKY, J.J., RAFFA, R.B., DODGSON, S.J., NORTEY, S.O. &
MARYANOFF, B.E. (1994). Topiramate: preclinical evaluation of
a structurally novel anticonvulsant. Epilepsia, 35, 450–460.

SKRADSKI, S. & WHITE, H.S. (2000). Topiramate blocks
kainate-evoked cobalt influx into cultured neurons. Epilepsia, 41,

S45–S47.
STRINGER, J.L. (2000). A comparison of topiramate and acetazol-

amide on seizure duration and paired-pulse inhibition in the dentate
gyrus of the rat. Epilepsy Res., 40, 147–153.
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